r Glutamatergic synaptic inputs to corticotrophin-releasing hormone (CRH) secreting neurons in the paraventricular nucleus of the hypothalamus (PVN) are required for stress-induced activation of the hypothalamic-pituitary-adrenal (HPA) axis.
Introduction
Elevation of circulating glucocorticoids (GCs) is a hallmark of the stress response that is driven centrally via the hypothalamic-pituitary-adrenal (HPA) axis (Sapolsky et al. 2000) . Neural regulation of the HPA axis culminates in excitation of neuroendocrine neurons in the paraventricular nucleus of the hypothalamus (PVN) that release corticotrophin-releasing hormone (CRH), initiating the downstream pituitary-adrenal hormonal cascade (Ulrich-Lai & Herman, 2009 ). Thus, afferent synaptic inputs converging onto PVN-CRH neurons represent the final node of the central stress circuits regulating the HPA axis output (Bains et al. 2015) . Glutamatergic synapses account for almost half of the total afferent inputs onto PVN neurons (van den Pol et al. 1990; Flak et al. 2009; Miklós & Kovács, 2012) . Ionotropic glutamatergic transmission is required for the secretion of CRH from organotypic slice cultures of the PVN (Bartanusz et al. 2004) , as well as stress-induced activation of the HPA axis in vivo (Ziegler & Herman, 2000) . Furthermore, stress mediators, such as noradrenaline (Daftary et al. 2000) , CRH and GCs (Di et al. 2003) , rapidly alter the efficacy of these glutamatergic synapses, suggesting that the well-known regulatory influences of these neuromodulators on the HPA axis occur, at least in part, by targeting PVN glutamatergic synapses. During prolonged exposure to stress or changes in environment, glutamatergic PVN synapses also undergo robust structural plasticity in a manner that may account for the changes in the function of the HPA axis. For example, both chronic variable stress (CVS) and early-life maternal separation, which cause hyperactivity of the HPA axis, have been shown to increase the number of synaptic terminals onto PVN-CRH neurons (Flak et al. 2009; Miklós & Kovács, 2012; Gunn et al. 2013; Franco et al. 2016) . Conversely, augmented maternal care causes hypoactivity of the HPA axis and is accompanied by a corresponding decrease in the number of glutamate synapses (Korosi et al. 2010) . These data collectively suggest that glutamatergic synapses in the PVN not only convey stress-related excitatory signals to the HPA axis output neurons during acute bouts of stress, but also are a key locus of plasticity that tunes the stress responsiveness of the HPA axis.
Interestingly, electron microscopy images of PVN synapses depict that some of the glutamatergic (and also GABAergic) terminals form multiple synaptic structures apposing to the same postsynaptic neurons (van den Pol et al. 1990; Miklós & Kovács, 2012) . Moreover, the proportion of such multisynapse structures increases after chronic stress (Miklós & Kovács, 2012) , highlighting a potential mechanism by which these multisynapse connections control glutamatergic transmission efficacy. However, studies in other systems have found that many structurally identified multisynapses are functionally silent (Atwood & Tse, 1988; Lin & Faber, 1988) . Therefore, whether or not such synaptic contacts are functionally active and have the capacity to simultaneously release neurotransmitter in the PVN remains unknown. This is an important question because the synchronized recruitment of multiple release sites during action potential-mediated transmission is a strong determinant of the efficacy of synaptic transmission between pairs of neurons: this may be a fundamental synaptic parameter controlling the efficacy of excitatory drive onto PVN-CRH neurons. For example, the maturation of nascent synapses in the developing brain is accompanied by an increase in their capacity for the synchronized recruitment of multiple release sites (Hsia et al. 1998 ), which in turn increases the fidelity of transmission and dynamics of short-term plasticity (Taschenberger et al. 2002) . This functional manifestation of multisynapse transmission was termed 'synaptic multiplicity' by Hsia et al. (1998) . In the adult brain, certain types of long-term potentiation and long-term depression result in an increase and decrease, respectively, of synaptic multiplicity (Bolshakov et al. 1997; Toni et al. 1999; Kamikubo et al. 2006) . Thus, synaptic multiplicity is a key determinant of the gain of synaptic transmission, and its modulation can powerfully alter the fidelity of neurotransmission. As such, in the present study, we investigated the existence of multiplicity at glutamate synapses terminating onto PVN-CRH neurons and its plasticity following chronic stress in adult mice.
Methods

Ethical approval
All animal experiments were approved by the Animal Care Committee of the University of Western Ontario (AUP 2014-031) in accordance with the Canadian Council on Animal Care guidelines.
Animals
Wild-type C57BL/6 mice were obtained from Charles River Laboratories (Quebec, Canada). CRH reporter mice on a C57BL/6 background were bred by crossing homozygous CRH-IRES-Cre (Stock 012704; Jackson Laboratories, Bar Harbor, ME, USA) and homozygous ROSA26-tdTomato mice (Stock 007914; Jackson Laboratories) in the animal facility of the University of Western Ontario. All mice were group housed (two to four mice per cage by stress condition) under a 12:12 h light/dark cycle (lights on 07.00 h) with access to food and water available ad libitum. Only 8-14-week-old male mice were used.
CVS protocol
CVS consisted of daily exposure to two of the following stressors in a random order over a 21-day period: (i) Cage shaking on a horizontal laboratory shaker at the speed of 80 rpm for 1 h; (ii) lights on during the entire night (12 h); (iii) placement in a cold room at 4°C for 1 h; (iv) restraint in a ventilated 50 mL plastic tube for 1 h; (v) forced swim in warm water (30°C) for 15 min; (vi) cage tilt (45°) during the dark period; (vii) wet cage (normal cage bedding soaked with 200 mL of water) during the dark period; (vii) food deprivation during the dark period; and (ix) water deprivation during the dark period. The starting time of individual stressors (except for those performed overnight) was randomized within the light phase, between 08.00 h and 18.00 h, aiming to minimize the predictability of the timing of stress exposure. Overnight stressors were started between 17.00 h and 19.00 h and ended between 08.00 h and 10.00 h.
Slice preparation
Mice were deeply anaesthetized in a chamber saturated with isoflurane and were decapitated once spinal reflexes were absent. The brains were quickly removed and placed in ice cold slicing solution comprising (in mM): 87 NaCl, 2.5 KCl, 0.5 CaCl 2 , 7 MgCl 2 , 25 NaHCO 3 , 25 D-glucose, 1.25 NaH 2 PO 4 and 75 sucrose, constantly bubbled with 95% O 2 /5% CO 2 . Coronal brain sections (250 μm) were cut using a vibratome (VT-1200; Leica Microsystems, Wetzlar, Germany). Hypothalamic regions containing the PVN were trimmed and transferred into an incubation chamber containing artificial cerebrospinal fluid (aCSF) comprising (in mM): 126 NaCl, 2.5 KCl, 26 NaHCO 3 , 2.5 CaCl 2 , 1.5 MgCl 2 , 1.25 NaH 2 PO 4 and 10 D-glucose, saturated with 95% O 2 /5% CO 2 and maintained at 35°C. Slices were recovered at this temperature for 45 min and subsequently kept at room temperature. For electrophysiological recordings, slices were transferred to a recording chamber superfused with aCSF (1.5-2.0 mL min -1 , 27-30°C). Some experiments used a low Ca 2+ aCSF in which the concentrations of CaCl 2 and MgCl 2 were adjusted to 0.5 and 2.5 mM, respectively. Recording pipettes were made from borosilicate glass (BF120-69-15; Sutter Instruments, Novato, CA, USA) pulled in a horizontal puller (P-1000; Sutter Instruments) with an open tip resistance between 3.0 and 5.0 M , filled with an internal solution comprising (in mM) 116 K-gluconate, 8 KCl, 1 K 2 -EGTA, 10 Hepes, 2 MgCl 2 , 4 K 2 ATP and 0.3 Na 3 GTP. In some experiments, BAPTA-K 4 (10 mM) was added to the internal solution. Osmolarity was 285-290 mosmol L -1 , pH 7.2-7.4.
Electrophysiology
PVN neurons were visually identified in hypothalamic slices using an upright microscope equipped with infrared differential interference contrast optics (BX 51WI;
Olympus, Tokyo, Japan). In slices from CRH-reporter mice, the CRHergic identity of neurons was confirmed by the combination of electrophysiological fingerprint and the presence of tdTomato expression visualized using epifluorescence (Wamsteeker Cusulin et al. 2013) . In wild-type mice, putative parvocellular neuroendocrine cells (PNCs) were identified by their characteristic firing patterns in response to depolarizing current injections in current clamp recording configuration (Tasker & Dudek, 1991; Wamsteeker Cusulin et al. 2013) . In voltage clamp configuration, postsynaptic neurons were held at −68 mV and EPSCs were pharmacologically isolated with the GABA A receptor antagonist picrotoxin (100 μM) and the glycine receptor antagonist strychnine (0.5 μM) added to the aCSF. Access resistance was monitored throughout the recordings and, if the value exceeded 20 M , the recordings were rejected. Synaptic multiplicity was measured as the difference between the average amplitude of sEPSCs and mEPSCs within individual cells. Briefly, sEPSCs were recorded in high Ca 2+ (Ca 2+ 4.5 mM and Mg 2+ 0.5 mM) aCSF or in low Ca 2+ aCSF (0.5 mM Ca 2+ and 2.5 mM Mg 2+ ) containing low concentration 4-aminopyridine (4-AP) (30 μM) to maximize the probability of neurotransmitter release and action potential firing (thereby maximizing the likelihood of individual action potentials to cause synchronous release from multiple release sites). Subsequently, mEPSCs were isolated by applying TTX (0.5 μM) and Cd 2+ (10 μM) to block action potential-and Ca 2+ -dependent vesicle release. To ensure that sEPSCs contained a significant proportion of action potential-dependent events, only recordings that showed >15% reduction in event frequency from sEPSCs to mEPSCs were included in the analysis. To probe multivesicular release, either γ-D-glutamylglycine (γ-DGG) (200 μM) or 6,7-dinitroquinoxaline-2,3-dione (DNQX) (125 nM) was added to low Ca 2+ aCSF (0.5 mM Ca 2+ and 2.5 mM Mg 2+ ) containing 4-AP (30 μM) when sEPSCs were recorded.
To examine activity-dependent changes in the synchronous neurotransmitter release from multiplicity synapses, afferent axons were stimulated by a monopolar glass electrode (3.0-5.0 M ) filled with aCSF placed in the neuropil ventromedial to the postsynaptic neuron in regular aCSF. Afferents were stimulated at a rate of 20 Hz for 2 s, repeated 10 times with an inter-burst interval of 20 s.
Data acquisition and analysis
Signals were amplified using a MultiClamp 700B amplifier (Molecular Devices, Sunnyvale, CA, USA), low pass filtered at 1-1.6 kHz and digitized at a sampling rate of 10 kHz using a Digidata 1440A (Molecular Devices).
Data were recorded using pClamp, version 10.6 (Molecular Devices) and stored on a computer for offline analysis. sEPSCs and mEPSCs were detected and analysed using MiniAnalysis (Synaptosoft, Decatur, GA, USA) and Clampfit (Molecular Devices). For the analysis of the relationship between rise time and amplitude, events with a rise time longer than 2 ms were excluded because these events were probably skewed towards a smaller amplitude as a result of voltage clamp error and filtering. To examine multivesicular release using γ-DGG, sEPSC amplitude was normalized to the largest value (EPSC/EPSC MAX ) where EPSC MAX was the mean of the largest 20 EPSCs in each individual recording. For activity-dependent changes in neurotransmitter release, sEPSCs were analysed during the 5000 ms immediately before the first stimulus (for pre-stimulation baseline) and 10-300 ms after the final stimulus (for post-stimulation) and the average amplitude and frequency changes over 10 trials were taken.
Statistical analysis
All statistical tests were performed using Prism, version 7 (GraphPad Software Inc., San Diego, CA, USA). P < 0.05 was considered statistically significant. Data are presented as the mean ± SEM.
Results
Electrophysiological evidence of synaptic multiplicity at PNCs
Synaptic multiplicity represents the number of functional synapses between a pair of neurons (Edwards, 1995; Hsia et al. 1998) . Mechanistically, this can be achieved by (i) multiple synaptic contacts; (ii) multiquantal transmission within a single synaptic contact (e.g. multivesicular release); or (iii) a combination of (i) and (ii) (Fig. 1A) . Using electrophysiology, one way of estimating the degree of synaptic multiplicity is to examine the difference between the amplitude of sEPSCs and mEPSCs (Hsia et al. 1998; Paolicelli et al. 2011; Zhan et al. 2014) . The logic behind this assay, originally established by Hsia et al. (1998) , is shown in Fig. 1A . Briefly, afferent inputs with multiplicity can generate action potential-dependent, large postsynaptic responses as a result of the temporal summation of synchronous multiquantal events. On the other hand, action potential-independent and therefore random (non-synchronous) release of synaptic vesicles generates smaller, uniquantal responses. To effectively probe synaptic multiplicity using such a comparison, there are two important methodological requirements: (i) the presynaptic axons fire sufficient number of spontaneous action potentials during the recording period of sEPSCs and (ii) the neurotransmitter release probability (P r ) is high to maximize the chance of simultaneous release from multiple release sites upon arrival of an action potential in the presynaptic terminal. To investigate synaptic multiplicity in glutamate synapses onto PVN CRH neurons in acute hypothalamic slices, we used two methods and compared their suitability, as described below.
First, we adopted a method similar to that developed by Hsia et al. (1998) in hippocampal slices. We prepared slices from CRH-reporter mice and visually identified CRH neurons in the PVN for whole-cell patch clamp recordings as described elsewhere (Wamsteeker Cusulin et al. 2013) . We recorded sEPSCs in high Ca 2+ aCSF (4.5 mM Ca 2+ and 0.5 mM Mg 2+ ) to elevate P r and thereafter applied TTX (0.5 μM) and Cd 2+ (10 μM) to isolate mEPSCs in the same cell. Because sEPSCs are an ensemble of both action potential-dependent and independent events, the difference in the frequency of sEPSC and mEPSC serves as a proxy for the frequency of spontaneous action potential firing in the presynaptic axons in individual recordings (i.e. one prerequisite for examining multiplicity). If we observed a >15% decrease in the frequency from sEPSCs to mEPSCs, we considered that the sEPSC recording contained a sufficient proportion of action potential-dependent EPSCs for assaying multiplicity. About 55% of cells met this criterion (12/22 cells) (Fig. 1B) , indicating that, for these cells, presynaptic glutamatergic axons spontaneously fired action potentials in our ex vivo slice preparation (frequency decreased from 11.9 ± 1.2 Hz to 6.1 ± 1.1 Hz in these 12 cells). When we examined the amplitude of EPSCs in these cells, we found that larger size events in sEPSC recordings were selectively abolished in mEPSC recordings ( Fig. 1C and D) . As a result, the mean sEPSC amplitude was significantly larger than that of mEPSCs (23.6 ± 1.8 pA vs. 19.0 ± 1.1 pA, P = 0.003, n = 12) (Fig. 1E) . In a preliminary experiment, we also prepared slices from wild-type C57BL/6 mice and obtained recordings from PNCs, putative CRH-expressing neurons in the PVN that were identified based on a well-established electrophysiological fingerprint (Tasker & Dudek, 1991; Wamsteeker Cusulin et al. 2013) . We obtained similar results in these experiments compared to using CRH-reporter mice. About 70% of cells showed a >15% frequency decrease from sEPSC to mEPSC (12/17 cells). Among these cells, the mean sEPSC amplitude was In a synapse with multiplicity (left), an action potential and the ensuing Ca 2+ influx triggers synchronous fusion of multiple synaptic vesicles that results in large, multiquantal EPSCs. Synaptic multiplicity can result from multisynapse contact or multivesicular release at a single synapse. In the presence of TTX and Cd 2+ , action potential independent vesicle fusion is asynchronous and causes small monoquantal EPSCs. In synapses without multiplicity (right), both action potential-dependent and -independent vesicle fusion results in monoquantal EPSCs. B, summary of the mean frequency decrease from sEPSCs to mEPSCs. Recordings that showed a >15% decrease are shown in blue and ࣘ15% are shown in red. C, sample traces of sEPSCs and mEPSCs that showed a >15% frequency decrease. D, EPSC amplitude from the recording shown in (C). E, summary of the mean amplitude difference between sEPSCs and mEPSCs for the recordings that showed a >15% frequency decrease. * * * P < 0.005.
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significantly larger than that of mEPSCs (21.1 ± 0.8 pA vs. 18.2 ± 0.8 pA, P = 0.008, n = 12). These results suggested that PVN CRH neurons received glutamatergic afferents with multiple functional synapses, as seen in the mature hippocampus (Hsia et al. 1998; Paolicelli et al. 2011; Zhan et al. 2014) .
Although the high Ca 2+ aCSF method was successful in examining synaptic multiplicity in the hypothalamic slices, almost 40% (15/39 cells) of recordings did not show a >15% decrease in the frequency from sEPSC to mEPSC. This indicated that, in these recordings, the proportion of presynaptic axon firing was low relative to that of action potential independent mEPSCs. Although increasing extracellular Ca 2+ concentration is a common experimental manipulation to increase P r (Zucker & Regehr, 2002) , it is also known to decrease intrinsic excitability of neurons and axons (Frankenhaeuser & Hodgkin, 1957; Su et al. 2001) : this potentially inhibited spontaneous action potential firing and compromised the efficiency of examining synaptic multiplicity under our experimental conditions. To address this limitation, we tested another method. We first recorded sEPSCs in low Ca 2+ /high Mg 2+ aCSF (0.5/2.5 mM) and then applied a low concentration of the K + -channel blocker 4-AP (30 μM) and thereafter isolated mEPSCs by applying TTX (0.5 μM) and Cd 2+ (10 μM) in the presence of 4-AP. 4-AP at this concentration range has been shown to increase action potential firing in the soma (Storm, 1988; Bekkers & Delaney, 2001 ) and axon terminals (Shu et al. 2007 ). It has also been shown to increase P r (Gu et al. 2004) . Using this approach, we observed a predicted increase in sEPSC frequency by 4-AP (BL vs. 4-AP, 3.8 ± 0.8 Hz vs. 14.2 ± 2.3 Hz, P = 0.002, n = 14) ( Fig. 2A-C ) and this frequency increase was reversed by TTX/Cd 2+ application (4.6 ± 0.9 Hz, vs. 4-AP, P = 0.003; vs. BL, P = 0.2) ( Fig. 2A-C) . Importantly, TTX/Cd 2+ decreased the frequency (>15%) in 100% of recordings (14/14 cells) (Fig. 2C) . Along with the changes in the frequency, 4-AP increased the amplitude of sEPSCs, and TTX/Cd 2+ reversed this increase (BL vs. 4-AP vs. 4-AP + TTX/Cd 2+ , 21.3 ± 1.0 pA vs. 29.2 ± 2.8 pA vs. 22.7 ± 1.7 pA, BL vs. 4-AP, P = 0.01; 4-AP vs. 4-AP + TTX/Cd 2+ , P = 0.04: BL vs. 4-AP + TTX, P = 0.5, n = 14) ( Fig. 2A, B and  D) . These results were consistent with the observation made in the high Ca 2+ method that multiplicity was action potential-dependent. These results also negated the possibility that the increase of sEPSC amplitude by 4-AP was a result of the inhibition of somatodendritic K + channels of the postsynaptic neurons influencing the propagation of synaptic signals (Hoffman et al. 1997 ) because 4-AP was still present during TTX/Cd 2+ application. One important difference between the high Ca 2+ and the 4-AP methods is that the percentage of cells that showed >15% decrease in the frequency from sEPSC to mEPSC was significantly higher in the 4-AP method than in the high Ca 2+ method (4-AP vs. high (blue). * * * P < 0.005, * * P < 0.01. Ca 2+ , 100% vs. 61%, Fisher's exact text, P = 0.005). This indicated that the 4-AP method is more efficient at probing synaptic multiplicity in PVN CRH neurons. In addition, we found that the baseline sEPSCs recorded in low Ca 2+ aCSF were similar to post TTX/Cd 2+ mEPSCs in both frequency and amplitude ( Fig. 2C and D) . Thus, the amplitude increase from the baseline sEPSC to post 4-AP application can be used as a simpler way to probe synaptic multiplicity. Based on these results, we decided to use the 4-AP approach to probe synaptic multiplicity in the rest of the experiments.
Synchronized multiquantal synaptic events underlie large amplitude sEPSCs
Although the above data are consistent with synchronous temporal summation of multiple synaptic events concerted by single presynaptic action potentials, because our assay relies on a higher frequency of sEPSCs than mEPSCs, random temporal summation of quantal events from independent axons could generate more spurious large amplitude events for sEPSCs than mEPSCs. We conducted two separate analyses on the recordings shown in Fig. 2 that provided strong evidence against this possibility. First, as shown for an example recording trace in Fig. 3A , we calculated the lower limit of the probability of random sEPSC summation [P = avg (h)/avg ( t)] in the presence of 4-AP, based on the inter-event interval ( t) and event half-width (h, an effective discrimination time for separate events) (Fig. 3A) . This was substantially smaller than the proportion of sEPSCs larger than twice the amplitude of mEPSCs (large event probability) (0.02 ± 0.005 vs. 0.17 ± 0.04, n = 14, P = 0.001, paired t test). Second, if random summation plays a role, the larger synaptic events should have a slower rise time than smaller events because random summation is asynchronous by nature and, as a consequence, would, on average, slow the event rise time. By contrast to this prediction, we did not find a positive correlation between the 10-90% rise time and the amplitude of sEPSCs (Fig. 3B) . Indeed, in the example shown, the vast majority of large amplitude (>50 pA) events were characterized by fast 10-90% rise time (<0.5 ms) and a monophasic rise slope, indicating that they are highly synchronized. The mean slope of the linear regression for all cells was not significantly different from zero (2.3 ± 2.1, P = 0.31, n = 14, one sample t test). These data indicate that the contribution of random summation of multiple small events to the larger amplitude sEPSCs in the presence of 4-AP is negligible.
The above data support our model of multiplicity, which is that synchronous summation of multiple quantal events generates large amplitude sEPSCs. This model predicts that desynchronizing vesicle release will eliminate large amplitude sEPSCs and, as a consequence, decrease the mean sEPSC amplitude. We tested this by replacing Ca 2+ with equimolar Sr 2+ in the aCSF (Oliet et al. 1996; Inoue et al. 2013) . In line with our prediction, we found that replacement of Ca 2+ with Sr 2+ eliminated larger amplitude sEPSCs and decreased the mean amplitude of sEPSCs (28.9 ± 3.2 pA vs. 23.8 ± 2.0 pA, P = 0.04, n = 11) (Fig. 3C-E) , indicating that Ca 2+ -dependent synchronization of neurotransmitter vesicle release underlies large amplitude sEPSC events. The data in Fig. 3 collectively support the model where glutamate synapses onto PVN CRH neurons have multiple functional release sites such that, when P r is high, synchronous release is driven to generate large amplitude EPSCs.
Multivesicular release underlies multiplicity synaptic transmission
As described above, the majority of large amplitude sEPSCs had short rise times and a monophasic rise slope (rising phase with no obvious inflections), indicating that the release of multiple vesicles was highly synchronized. Thus, we next investigated whether large sEPSCs arose from the synchronized temporal summation of independent populations of postsynaptic receptors or multivesicular release acting on an overlapping population of postsynaptic receptors (Fig. 4A) . The latter scenario would mean that larger sEPSCs arise from higher concentrations of glutamate in the synaptic cleft than smaller (putative uniquantal) sEPSCs (Wadiche & Jahr, 2001; Li et al. 2009 ). Thus, we examined the glutamate concentration transient in the synaptic cleft using γ-DGG, a low affinity, fast dissociating competitive antagonist of AMPA receptors (Wadiche & Jahr, 2001; Li et al. 2009 ). We predicted that, if the larger amplitude sEPSCs arose from multivesicular release and ensuing pooling of glutamate, γ-DGG would be less effective at inhibiting larger compared to smaller sEPSCs. As shown in Fig. 4A , such a glutamate concentration-dependent effect of γ-DGG on sEPSC amplitude would cause a leftward shift in the distribution of sEPSC amplitude normalized to the average of 20 largest sEPSCs (EPSC/EPSC MAX ) following γ-DGG application (Fig. 4A, right) . Conversely, if larger amplitude sEPSCs arise from the temporal summation of independent postsynaptic receptor populations (driven by a similar concentration of glutamate at each receptor population), γ-DGG would be similarly effective across all (different amplitudes of) sEPSCs and will not alter the distribution of EPSC/EPSC MAX (Fig. 4A, left) .
We recorded sEPSCs from PVN-CRH neurons in low Ca 2+ aCSF followed by 4-AP application to probe multiplicity. Consistent with the results shown in Fig. 2 , 4-AP increased the frequency of sEPSCs in all cells examined (8/8 cells). Among these, five cells showed an increase in the mean sEPSC amplitude (>120% of (Fig. 4D) , an observation consistent with the role of multivesicular release in generating large amplitude sEPSCs. Importantly, all five cells with multiplicity (i.e. increased mean sEPSC amplitude by 4-AP) showed a leftward shift in the distribution of EPSC/EPSC MAX following γ-DGG, and a decrease in the mean EPSC/EPSC MAX (80.4 ± 1.5% of baseline, P < 0.0005, n = 5, one-sample t test) (Fig. 4K) . By contrast, in the remaining three cells that did not show multiplicity (mean amplitude <120% of baseline), γ-DGG did not cause a leftward shift in the distribution of EPSC/EPSC MAX ( Fig. 4E-G) or the EPSC/EPSC MAX (96.6 ± 7.2% of baseline, P > 0.05, n = 3) (Fig. 4K) . This indicates that, in these cells, the lack of amplitude increase following 4-AP is not a result of pre-existing high glutamate transients that fully saturated (and thus occluded) further potentiation by 4-AP. By contrast to γ-DGG, application of DNQX (125 nM), a high affinity, slowly dissociating AMPA/kainite receptor antagonist, caused a predicted uniform inhibition of both large and small amplitude sEPSCs and, as a consequence, did not alter the distribution of EPSC/EPSC MAX (Fig. 4H-J) or the mean EPSC/EPSC MAX (98.2 ± 5.1% of baseline, P > 0.05, n = 5) (Fig. 4K) . Indeed, 4AP-induced amplitude increase negatively correlated with the EPSC/EPSC MAX change in γ-DGG (r = 0.72, P < 0.05) (Fig. 4L) but not in DNQX treated cells (r = 0.46, P > 0.05).
As a control to confirm the differential dissociation kinetics of γ-DGG and DNQX, we examined the effects of these antagonists on the rise time of EPSCs. We found that γ-DGG slowed the 10-90% rise time (0.51 ± 0.03 ms vs. 0.64 ± 0.05 ms, n = 8, P < 0.05, paired t test), a change consistent with the fast-dissociating kinetics and replacement of bound antagonist by glutamate during the rising phase (Liu et al. 1999) . By contrast, DNQX did not change the rise time (0.54 ± 0.03 ms vs. 0.55 ± 0.03 ms, n = 5, P > 0.05, paired t test) as expected for an antagonist with slow dissociation kinetics. Our results indicate that the multiplicity of glutamate synapses onto PVN-CRH neurons arises from multivesicular release from their terminals during elevated P r , thereby providing the capacity to dynamically control the gain of synaptic transmission.
Synaptic activity drives multiplicity transmission
We have so far used non-physiological conditions to enhance action potential firing and P r as a means of detecting multiplicity and we next examined multiplicity Figure 3 . Synchronized multiquantal synaptic events underlie synaptic multiplicity A, summary of a lower bound estimation of the probability of random summation of two sEPSCs compared to the proportion of events larger than twice the amplitude of mEPSCs (large event). A sample trace shown at the top illustrates the half-width and interevent interval parameters to calculate the probability of random summation (average half-width/average interevent interval mechanisms using more physiological manipulations. It is known that during a burst of neuronal activity, synaptic strength rapidly and reversibly changes, in part as a result of changes in action potential shape (Geiger & Jonas, 2000) and P r (Zucker & Regehr, 2002) . We therefore investigated how such activity-dependent changes affect the manifestation of multiplicity (multivesicular release) at glutamate synapses onto PVN-CRH neurons. To test this, we recorded sEPSCs in normal Ca 2+ aCSF, applied a burst of afferent synapse stimulation (20 Hz for 2 s) and examined transient changes in sEPSC frequency and amplitude immediately after the stimulus. We included BAPTA (10 mM) in the pipette solution to maximize the activity-driven increase in P r because a previous study reported that postsynaptic Ca 2+ signalling can trigger the release of retrograde messengers and inhibit presynaptic glutamate release in the PVN . We found that burst stimulation transiently increased both the frequency and amplitude of sEPSCs (Fig. 5) . The mean frequency and amplitude significantly increased (240.0 ± 27.4%, P < 0.001 for frequency; 115.7 ± 5.4%, P < 0.05 for amplitude, n = 10). These results demonstrate that activity-dependent increases in action potential firing and P r (as reflected by the increase in sEPSC frequency) can drive multivesicular release under physiological conditions at glutamate synapses onto PVN-CRH neurons.
CVS decreased multiplicity of glutamate synapses
The stress responsiveness of the HPA axis changes as a function of prior stress experience and both neural and synaptic plasticity at the level of the PVN probably contribute to this flexibility (Bains et al. 2015; . For example, CVS has been shown to cause baseline HPA axis hyperactivity and also increase the number of glutamatergic synapses onto PNCs (Flak et al. 2009; Franco et al. 2016) , highlighting the role of glutamate synapse plasticity in HPA axis adaptation to chronic stress. Because we have found that multiplicity is an important regulator of excitatory drive, we examined whether CVS changes the multiplicity of glutamate synapses onto PVN-CRH neurons in slices prepared from mice subjected to CVS for 3 weeks (referred to as CVS mice). We recorded sEPSCs from PVN-CRH neurons in low Ca 2+ aCSF followed by 4-AP application to probe multiplicity. As shown by the example traces in Fig. 6A , 4-AP application robustly increased the frequency. However, the amplitude increase was less pronounced in CVS compared to that observed in naïve mice (Fig. 2) . Summary graphs in Fig. 6B compare the mean frequency before and after 4-AP between naïve and CVS mice. We found that the frequency increase caused by 4-AP was significantly larger in CVS than naive mice [two-way ANOVA, F 1,33 = 4.5, P < 0.05 for interaction; Sidak's post hoc test, P < 0.05 for 4-AP-naïve vs. 4-AP-CVS; naïve (n = 19 from 10 mice), CVS (n = 16 from 6 mice)], an observation consistent with the predicted increase in the number of glutamate synapses by CVS (Flak et al. 2009; Franco et al. 2016) . By contrast, the mean amplitude increase by 4-AP (Fig. 6C ) was significantly smaller in CVS than naïve mice (two-way ANOVA, F 1,33 = 4.4, P < 0.05 for interaction; Sidak's post hoc test, P < 0.05 for 4-AP-naïve vs. 4-AP-CVS). To further examine the changes that contributed to the loss of 4-AP-induced amplitude increase in CVS mice, we compared the amplitude histograms (in relative frequency) between naïve and CVS mice. As shown by example histograms (Fig. 6D and E) , 4-AP robustly increased the proportion of large amplitude (>40 pA) EPSCs in naïve mice. By contrast, this increase was absent in CVS mice. To better examine this CVS-induced change, we made summary histograms in which EPSCs amplitude above 40 pA were pooled ( Fig. 6F and G) . Again, the major difference between naïve and CVS mice was that 4-AP did not increase the proportion of large (>40 pA) amplitude EPSCs in CVS mice. On the other hand, the proportion of moderate size EPSCs (20-40 pA) increased in CVS similarly to naïve mice, which probably contributed to a slight increase in the average amplitude in CVS (Fig. 6C) . Figure 6H plots the proportion of large amplitude EPSCs before and after 4-AP. The baseline proportion was similar between naïve and CVS, although the 4-AP-induced increase was impaired in CVS mice (two-way ANOVA, F 1,33 = 5.4, P < 0.05 for interaction; Sidak's post hoc test, P < 0.05 for 4-AP-naïve vs. 4-AP-CVS). These results suggest that the loss of the 4-AP-induced increase in the average amplitude in CVS was primarily a result of the absence of large amplitude EPSCs. Our results collectively indicate that the increase in synapse number during CVS is accompanied by a paradoxical decrease in synaptic multiplicity. 
C
Figure 6. CVS diminishes synaptic multiplicity
A, sample traces of sEPSCs before and after 4-AP application in a slice from a CVS mouse. B and C, summary of sEPSC frequency (B) and amplitude (C) before and after 4-AP application in slices from naïve (blue) and CVS mice (red). D and E, sample amplitude histograms of the recordings from naïve (D) and CVS (E) mice before (black) and after 4-AP application (blue/red). Note that the number of events is normalized to the total event number. F and G, summary sEPSC amplitude from naïve (F) and CVS (G) mice. H, summary of the change in the percentage of large events (>40 pA, highlighted in F and G) before and after 4-AP application in naïve (blue) and CVS (red) mice. * * P < 0.01, * P < 0.05.
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Discussion
Synaptic multiplicity is an essential determinant for the gain of synaptic transmission between pairs of neurons. The main goal of the present study was to characterize the multiplicity of glutamate synapses onto CRH neurons in the PVN, comprising the output neurons of the HPA axis. We estimated the degree of synaptic multiplicity by examining the ratio of the average amplitudes of sEPSCs over mEPSCs in individual cells. Two important requirements for this approach were (i) presynaptic neurons spontaneously fire action potentials (i.e. the frequency of sEPSC is higher than mEPSCs) and (ii) P r is high so that synapses with multiplicity undergo multiquantal transmission upon the arrival of an action potential to the axonal terminals. To fulfill these requirements, we compared the suitability of two methods, high Ca 2+ (4.5 mM) aCSF and low concentration 4-AP (30 μM). We found that the percentage of the recordings that showed higher frequency of sEPSC than mEPSC was significantly higher in 4-AP (100%) than in high Ca 2+ aCSF (61%): 4-AP better met the first requirement. 4-AP, at the concentration we used (30 μM), blocks several voltage-dependent potassium channels, including Kv 1.1, 1.2, 1.3 and 3.1. (Coetzee et al. 1999) , and decreases action potential threshold (Bekkers & Delaney, 2001) , as well as facilitates temporal integration (Storm, 1988) . By contrast, extracellular Ca 2+ negatively influences the intrinsic excitability partly by modulating Na + conductance (Frankenhaeuser & Hodgkin, 1957; Su et al. 2001; Lu et al. 2010) . Thus, the opposing effects of 4-AP and high extracellular Ca 2+ on intrinsic excitability would explain the greater efficiency of 4-AP compared to high extracellular Ca 2+ in facilitating action potential firing.
Previous studies have shown that the blockade of K v channels by 4-AP or other antagonists broadens action potential width, increases Ca 2+ influx into the presynaptic terminal and potently facilitates neurotransmitter release (Wheeler et al. 1996; Sabatini & Regehr, 1997; Shu et al. 2007 ). Thus, 4-AP is also effective in elevating P r upon the arrival of action potentials to the axon terminals (meeting the second requirement).
An additional requirement for the 4-AP method to examine synaptic multiplicity was that it does so in a specific manner. Although 4-AP would inhibit K v channels that are expressed in both presynaptic and postsynaptic neurons, we found that the effects of 4-AP on both sEPSCs frequency and amplitude were completely reversed by the application of TTX and Cd 2+ . This indicated that 4-AP had little, if any, effects on action potentialand Ca 2+ independent presynaptic processes, or postsynaptic sensitivity to ionotropic glutamatergic transmission. Our results are in line with an earlier observation showing that low concentration tetraethylammonium, which broadened presynaptic action potential width and potently enhanced action potential-dependent synaptic transmission, did not change mEPSC frequency or amplitude recorded in the presence of TTX (Sabatini & Regehr, 1997) .
Our data collectively indicate that multivesicular release underlies multiplicity of glutamate synapses onto PVN-CRH neurons. First, we have shown that larger amplitude sEPSCs are less sensitive to γ-DGG, a low affinity, fast-dissociating AMPA receptor antagonist, than smaller amplitude sEPSCs. Importantly, this non-uniform inhibition by γ-DGG was evident only in cells that showed multiplicity (i.e. mean sEPSC amplitude was increased by 4-AP), indicating that the functional manifestation of multiplicity was accompanied by elevated glutamate concentrations in the synaptic cleft. It should be noted, however, that 4-AP broadens the duration of the presynaptic action potential and ensuing Ca 2+ influx (Wheeler et al. 1996) . Thus, our experimental conditions may be favourable for eliciting multivesicular release considering the importance of Ca 2+ dynamics in multivesicular release (Rudolph et al. 2015) . The reduced sensitivity to γ-DGG alone does not distinguish between multiple vesicles fusing within a single active zone or the pooling of neurotransmitter released from closely spaced release sites (Wadiche & Jahr, 2001; Li et al. 2009 ). However, the kinetics (fast and monophasic rise time) of large amplitude sEPSCs indicates that the release of multiple vesicles is highly synchronous, resulting in a rapid elevation of the synaptic glutamate transient.
We observed that elevated extracellular Ca 2+ , blockade of voltage-gated K + channels and bursts of high-frequency synaptic activity all effectively increased the amplitude of sEPSCs, demonstrating that enhanced P r is a common mechanism that drives multivesicular release, as described previously for other synapses (Tong & Jahr, 1994; Kirischuk et al. 1999; Foster et al. 2005) . Indeed, glutamate synapses onto PNCs have been shown to undergo multivesicular release following a high-frequency synaptic stimulation that induces short-term potentiation via a transient increase in P r . High-frequency synaptic activity leads to cumulative inactivation of K v channels, activity-dependent action potential broadening and increased P r (Geiger & Jonas, 2000) . Accordingly, synaptic multiplicity expands the upper limit of the dynamic range of synaptic strength that would be particularly relevant during stressor-driven synaptic activity. In addition to the activity-dependent P r elevation, high-frequency afferent stimulation can increase the firing activity of presynaptic neurons and may have contributed to the activity-dependent increase in multiplicity. We also found that multivesicular release was sensitive to TTX, as well as the replacement of Ca (Jarsky et al. 2010; Holderith et al. 2012; Sheng et al. 2012 ). However, it should also be noted that, in other synapses, multivesicular release has been shown to occur independently of action-potentials (i.e. in the presence of TTX) via ryanodine receptor-and/or inositol-1,4,5-triphosphate receptor-mediated Ca 2+ release from intracellular stores (Llano et al. 2000; Gordon & Bains, 2005) . Future studies are warranted to address the potential existence of an action potential-independent form of multiplicity/multivesicular release onto PVN-CRH neurons.
PVN-CRH neurons receive glutamatergic afferents from a number of brain regions (Ulrich-Lai & Herman, 2009; Bains et al. 2015) . The requirement for action potentials to observe multiplicity suggests that those inputs that showed multiplicity have preserved axonal projections and cell bodies within the coronal brain slices used in our electrophysiological recordings. The origins of these local glutamatergic inputs remain to be determined, although PVN-CRH neurons receive monosynaptic glutamatergic inputs from surrounding hypothalamic areas. For example, Boudaba et al. (1997) reported that PNCs receive TTX-sensitive glutamatergic projections from a part of the anterior hypothalamus and the lateral hypothalamus surrounding the PVN that can be preserved in a coronal slice preparation similar to the one used in the present study. Similarly, glutamatergic inputs from the suprachiasmatic nucleus neurons were electrophysiologically identified (Hermes et al. 1996) . In addition, histological studies found PVN-projecting glutamatergic neurons originating from a set of peri-PVN hypothalamic nuclei (Csáki et al. 2000; Ulrich-Lai et al. 2011) similar to that reported by Boudaba et al. (1997) . However, PNCs also receive dense glutamatergic inputs from more distal brain areas that are not contained in our coronal brain slices; these include the dorsomedial hypothalamus and posterior hypothalamus, as well as several brain stem nuclei (Boudaba et al. 1997; Ulrich-Lai et al. 2011; Ziegler et al. 2012) . Our electrophysiological approaches probably do not detect potential multiplicity of these inputs, and therefore may underestimate the degree of overall multiplicity (as measured by the ratio of mean sEPSC/mEPSC amplitude) of inputs onto PNCs.
Evidence has accumulated that synapses onto PNCs express various types of plasticity in different stress paradigms (Bains et al. 2015; . For example, early-life stress (Gunn et al. 2013 ) and environmental enrichment (Korosi et al. 2010) cause an increase and decrease, respectively, of glutamate synapse number onto PNCs, indicating that the number of these synapses is bidirectionally changed by experience during development. In the adult brain, chronic stress can cause changes in the PVN that are indicative of an increase in synapse number (Flak et al. 2009; Miklós & Kovács, 2012; Kusek et al. 2013; Franco et al. 2016 ). In the present study, we found that sEPSC frequency following 4-AP application was higher in CVS than naïve mice: this observation suggests an increase in synapse number in our CVS model and is in line with the study by Franco et al. (2016) reporting an increase in mEPSC frequency in a rat model of CVS. However, we also found that the baseline sEPSC frequency prior to 4-AP application was not different between naïve and CVS mice. The reason why we did not detect the predicted increase in the baseline sEPSC frequency in our CVS model remains unknown. One possibility is that our recordings were made in low Ca 2+ aCSF and, under this condition, the expected CVS-induced increase in synapse number may be difficult to detect as an increase in sEPSC frequency.
A novel finding of the present study is that CVS attenuated the 4-AP-induced increase of sEPSC amplitude, indicating that there was a reduction of multiplicity at glutamate synapses onto PVN-CRH neurons. An important question from these results is how does CVS decrease synaptic multiplicity? One possibility is that the formation of new synapses that contributed to the increase in sEPSC frequency had low multiplicity, as reported for nascent synapses in developing brains (Hsia et al. 1998; Hashimoto & Kano, 2003) and, as a consequence, decreased the average multiplicity. Another possibility, which is not mutually exclusive with the scenario described above, is that CVS decreased the multiplicity of pre-existing synapses. In support for this latter scenario, we found that CVS resulted in the loss of (4-AP-induced) large amplitude EPSCs. At GABAergic synapses in the periaqueductal grey, the retrograde actions of endocannabinoids (eCBs) have been shown to shift multivesicular release to univesicular release by decreasing P r (Aubrey et al. 2017) . In the PVN, eCBs decrease P r at both glutamate and GABA synapses onto PNCs (Di et al. 2003; Wamsteeker et al. 2010) . In addition to eCBs, Kuzmiski et al. (2010) showed that multivesicular release of glutamate onto PNCs was inhibited by retrograde messengers of unknown identity (eCBs, adenosine or opioids were excluded based on pharmacological characterization). Taken together, these results suggest that various neuromodulators that reduce P r can result in a decrease in the apparent multiplicity of PVN glutamate synapses. It is also possible that, during chronic stress, repetition of stress experiences accumulates to refine the structural basis for multiplicity. In organotypic slice cultures, it has been shown that repetitive recruitment of activity-dependent plasticity causes a long-lasting change in synaptic function accompanied by structural changes of the synaptic terminals (Toni et al. 1999; Sakuragi et al. 2013) . In the PVN, CVS causes dramatic ultrastructural J Physiol 596.17 changes in both glutamate and GABA synapses (Miklós & Kovács, 2012) , possibly reflecting persistent changes in synaptic multiplicity.
The physiological consequences of increasing the number of low multiplicity synapses warrants further investigation. One possibility is that this synaptic change could preferentially increase the basal excitatory drive onto PVN CRH neurons (i.e. when P r is low), contributing to the baseline hyperactivity of the HPA axis reported in earlier studies using the CVS paradigm (Flak et al. 2009; Miklós & Kovács, 2012; Franco et al. 2016) . On the other hand, when synaptic activity increases and P r becomes high, such as during stress, the decrease of multiplicity may serve as a low-pass filter that dampens the dynamic range of excitatory drive. In this scenario, the decreased multiplicity could serve to counteract sensitization of the HPA axis commonly associated with CVS (Jankord et al. 2011; Radley & Sawchenko, 2011; Franco et al. 2016) and, in some cases, possibly contributes to a paradoxical hyposensitivity that has been reported (Ostrander et al. 2006; Wulsin et al. 2016) .
In the present study, we have characterized the synaptic multiplicity of glutamate synapses onto PVN-CRH neurons in non-stressed mice, as well as changes in multiplicity following chronic stress. Functionally, synaptic multiplicity expands the upper limit of the dynamic range of synaptic strength that would be particularly relevant during stressor-driven synaptic activity. Following chronic stress, we found a decrease in synaptic multiplicity in parallel with an increase in the functional synapse number, pointing to multifaceted mechanisms by which synaptic plasticity fine-tunes the excitatory drive onto PVN-CRH neurons.
